stress is one mechanism proposed to be responsible for the loss of ␤-cell viability in response to palmitate treatment; however, the pathways responsible for the induction of ER stress by palmitate have yet to be determined. Protein palmitoylation is a major posttranslational modification that regulates protein localization, stability, and activity. Defects in, or dysregulation of, protein palmitoylation could be one mechanism by which palmitate may induce ER stress in ␤-cells. The purpose of this study was to evaluate the hypothesis that palmitate-induced ER stress and ␤-cell toxicity are mediated by excess or aberrant protein palmitoylation. In a concentrationdependent fashion, palmitate treatment of RINm5F cells results in a loss of viability. Similar to palmitate, stearate also induces a concentration-related loss of RINm5F cell viability, while the monounsaturated fatty acids, such as palmoleate and oleate, are not toxic to RINm5F cells. 2-Bromopalmitate (2BrP), a classical inhibitor of protein palmitoylation that has been extensively used as an inhibitor of G protein-coupled receptor signaling, attenuates palmitate-induced RINm5F cell death in a concentration-dependent manner. The protective effects of 2BrP are associated with the inhibition of [ 3 H]palmitate incorporation into RINm5F cell protein. Furthermore, 2BrP does not inhibit, but appears to enhance, the oxidation of palmitate. The induction of ER stress in response to palmitate treatment and the activation of caspase activity are attenuated by 2BrP. Consistent with protective effects on insulinoma cells, 2BrP also attenuates the inhibitory actions of prolonged palmitate treatment on insulin secretion by isolated rat islets. These studies support a role for aberrant protein palmitoylation as a mechanism by which palmitate enhances ER stress activation and causes the loss of insulinoma cell viability. apoptosis; palmitate; endoplasmic reticulum stress OVER THE LAST 20 -30 YEARS, modern lifestyles, with abundant nutrient supply and reduced physical activity, have resulted in dramatic increases in the incidence of obesity and type 2 diabetes (41, 53, 72) . Obesity is associated with hyperlipidemia, and the accompanying elevated free fatty acids (FFAs) are believed to contribute to insulin resistance, impaired insulin secretion, and the progressive decline in pancreatic ␤-cell mass in type 2 diabetes (6, 19, 24, 58, 70, 78) . Elevated plasma FFAs may provide a mechanistic link between increased fat mass, insulin resistance, and type 2 diabetes.
Chronic exposure to long-chain saturated fatty acids at concentrations found in type 2 diabetic patients is toxic to pancreatic ␤-cells (16, 57, 64, 70) , but the mechanisms by which these fats alter ␤-cell function and viability are not well understood. While multiple mechanisms, including ceramide formation (45, 46, 73) , oxidative stress (47, 56, 62) , and inflammation (8, 32) , have been proposed, there is little consensus on a mechanism to explain the loss of ␤-cell viability following exposure to elevated FFAs. A growing number of studies support a role for persistent endoplasmic reticulum (ER) stress in saturated fatty acid-induced ␤-cell death (2, 16, 35, 38, 40, 50, 51, 63, 80) .
The ER is a vast membranous network responsible for the synthesis, maturation, trafficking, and quality control for a wide range of proteins. ER stress results when the load of client proteins entering the ER exceeds their capacity to be correctly folded. Cells can readjust the balance between protein production and folding by activating the unfolded protein response, but if this adaptive response fails to resolve the stress, apoptosis can ensue (29, 49) . Although the enhanced secretory demand that accompanies insulin resistance probably contributes to ER stress in ␤-cells, ER stress can also be triggered by direct actions of saturated fatty acids on the ER (65); however, the molecular mechanisms underlying these direct effects remain unclear.
There are a number of ways to create an imbalance between protein folding and protein synthesis resulting in ER stress. Mutations in proteins that alter signal recognition or folding can induce ER stress (7, 59 ). Defects causing excessive or attenuated posttranslational modification of proteins are also capable of inducing ER stress (37, 49) . Protein palmitoylation occurs by addition of the 16-carbon saturated palmitate group via a thioester to the sulfhydryl group on cysteine residues. This is a reversible lipid modification that affects a range of functions, including protein trafficking, protein sorting, protein stability, and protein aggregation (25, 42) . In this study, we used the palmitate analog 2-bromopalmitate (2BrP) to examine whether changes in posttranslational modification of ␤-cell proteins may mediate palmitate-induced ER stress induction and ␤-cell death. We show that 2BrP, a nonmetabolizable palmitate analog that inhibits protein palmitoylation, attenuates palmitate-induced ER stress induction and cell death. These findings support the hypothesis that FFA-induced ␤-cell damage may be mediated by unregulated palmitoylation of proteins, resulting in the induction of ER stress and ␤-cell death.
MATERIALS AND METHODS
Materials. RPMI 1640 medium, L-glutamine, streptomycin, and penicillin were purchased from Invitrogen; fetal calf serum, myristate, palmitate, stearate, palmitolate, oleate, 2BrP, cerulenin, tunicamycin, and neutral red from Sigma-Aldrich (St. Louis, MO); [9, Fatty acid-albumin complex preparation. Sodium salts (20 mM) of fatty acids were prepared by heating equimolar NaOH and fatty acid at 60°C for 1 h. Sodium salt was then combined with 15% fatty acid-free BSA solution in a ratio of 2:3 and heated at 60°C for 1 h to produce 8 mM fatty acid-9% BSA complex, and pH was adjusted to 7.4.
Cell culture. RINm5F cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 U/ml penicillin, and 50 g/ml streptomycin. Cells were maintained at 37°C under an atmosphere of 95% air-5% CO2. RINm5F cells were removed from growth flasks by treatment with 0.05% trypsin and 0.02% EDTA for 5 min at 37°C, washed with RPMI 1640 medium, and plated at indicated cell densities.
Rat islet isolation and glucose-induced insulin secretion. Islets were isolated from male Sprague-Dawley rats (200 -250 g body wt) by collagenase digestion, as previously described (52) , and cultured overnight in complete CMRL-1066 medium (CMRL-1066 medium containing 2 mM L-glutamine, 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 g/ml streptomycin) under an atmosphere of 95% air-5% CO2. Groups of 120 islets were pretreated with 100 M 2BrP for 1 h prior to the addition of 500 M palmitate. After a 48-h culture, the islets were washed three times (3 ml per wash) in Krebs-Ringer bicarbonate buffer (in mM: 25 HEPES, 115 NaCl, 24 NaHCO3, 5 KCl, 1 MgCl 2, and 2.5 CaCl2, pH 7.4) containing 3 mM D-glucose and 0.1% BSA. Groups of 15 islets were counted into 10 ϫ 75 mm siliconized borosilicate tubes and preincubated for 30 min in 200 l of the same buffer. The preincubation buffer was removed, glucosestimulated insulin secretion was initiated by addition of 200 l of fresh Krebs-Ringer bicarbonate buffer containing 3 or 20 mM D-glucose, and the preparation was incubated for 45 min. Preincubation and incubation were done under 95% air-5% CO2 at 37°C with shaking. Insulin accumulating in the incubation buffer was measured using the Human Insulin Pincer assay kit (Mediomics, St. Louis, MO) (28) . The Institutional Animal Care and Use Committees at the Medical College of Wisconsin and Saint Louis University approved all animal care and experimental procedures.
Cell viability. Cell viability was determined using the neutral red dye uptake assay, as described previously (9, 66, 76) . After treatment of RINm5F cells (2.0 ϫ 10 5 cells/400 l RPMI 1640 medium), the culture medium was supplemented with neutral red (40 g/ml), and the cells were incubated for 1 h at 37°C. The supernatant was removed by aspiration and discarded, and the cells were washed and fixed with a 1% formaldehyde-1% CaCl2 solution. Neutral red was extracted from the cells in 200 l of 50% ethanol-1% acetic acid. The optical density of neutral red was determined at 540 nm. The percentage of dead cells was determined by comparison of neutral red uptake of treated samples with neutral red uptake of the untreated control (set at 100%).
Caspase assay. Caspase-3/7 activity was measured using a protocol published by Carrasco et al. (13) . After treatment of RINm5F cells (2.0 ϫ 10 5 cells/400 l RPMI 1640 medium), 200 l of 3ϫ caspase assay buffer (150 mM HEPES, 450 mM NaCl, 150 mM KCl, 30 mM MgCl2, 1.2 mM EGTA, 1.5% Nonidet P-40, 0.3% CHAPS, 30% sucrose, 0.2 mM PMSF, 2 mM DTT, and 10 M DEVD-7-amidino-4-methylcoumarin) were added to the cells in a 24-well plate, and the preparation was incubated for 1 h at 37°C. Proteolytic release of the fluorochrome was measured by spectroscopy at an excitation of 360 nm and an emission of 460 nm.
PCR. Isolation of RNA from insulinoma cells was accomplished using the RNeasy kit according to the manufacturer's specifications (Qiagen). Samples were then digested with DNase (TURBO DNAfree kit, Ambion), and cDNA synthesis was performed using oligo(dT) and reverse transcriptase SuperScript Preamplification System according to the manufacturer's instructions (Invitrogen). Real-time PCR was performed using a LightCycler 480 (Roche Applied Biosciences) to detect SYBR Green fluorescence according to the manufacturer's instructions. Fold increases in CHOP, spliced X-box binding protein 1 [XBP1(s)], and activating transcription factor 3 (ATF3) mRNA accumulation were each normalized to ␤-actin mRNA. Primer sequences were as follows: 5=-AAATAACAGCCGGAAC-CTGA-3= (forward) and 5=-GGGATGCAGGGTCAAGAGTA-3= (reverse) for CHOP, 5=-TGAGTCCGCAGCAGGTG-3= (forward) and 5=-CAGCGTCAGAATCCATGGGAA-3= (reverse) for XBP1(s), 5=-GCTGGAGTCAGTCACCATCA-3= (forward) and 5=-ACACTTG-GCAGCAGCAATTT-3= (reverse) for ATF3, and 5=-CACCCGCGAG-TACAACCTTC-3= (forward) and 5=-CCCATACCCACCATCACAC-C-3= (reverse) for ␤-actin.
Western blot analysis. RINm5F cells were washed with PBS and lysed in immunoprecipitation lysis buffer [20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.5% Nonidet P-40, 1 mM sodium orthovanadate, 0.1 mM PMSF, 50 mM NaF, and protease inhibitor cocktail (Sigma, St. Louis, MO)]. The lysates were disrupted by sonication and then cleared by centrifugation (16,000 g for 15 min). Protein concentrations were determined by the Bradford assay (Pierce, Rockford, IL). Samples were mixed with Laemmli sample buffer (2% SDS) and boiled for 5 min. Proteins were resolved by SDS-PAGE and transferred to nitrocellulose, and the membranes were incubated overnight with primary antibody (1:1,000 dilution) at 4°C and then for 1 h with horseradish peroxidase-conjugated donkey anti-rabbit or donkey anti-mouse secondary antibody (1:10,000 dilution), and antigen was detected by chemiluminescence.
Metabolic labeling of palmitoylated proteins. RINm5F cells (2.0 ϫ 10 6 cells/2 ml RPMI 1640 medium) were pretreated with 100 M 2BrP for 3 h, [9, [20 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% Na-deoxycholate, 1 mM EDTA, 0.1% SDS, 1 mM Na 3VO4, 0.1 mM PMSF, 50 mM NaF, and protease inhibitor cocktail (SigmaAldrich)]. After removal of insoluble material by centrifugation, proteins were precipitated with 10% trichloroacetic acid (TCA), washed with ice-cold ether to remove the TCA, and then solubilized in Laemmli buffer (without ␤-mercaptoethanol). Protein was separated by SDS-PAGE, and labeled proteins were visualized by fluorography (Autofluor, National Diagnostics).
Palmitate esterification and oxidation. Statistics. Statistical analyses were performed using one-way ANOVA with Tukey-Kramer post hoc test or two-way ANOVA with Bonferroni's post hoc test. Values are means Ϯ SE.
RESULTS

Unsaturated 16-and 18-carbon fatty acids are toxic to ␤-cells.
The effects of saturated and unsaturated fatty acid treatment on the viability of RINm5F cells were evaluated using the neutral red assay (Fig. 1A) . Consistent with previous reports (82), differences in the length and saturation of fatty acids have profound effects on toxicity. Treatment of RINm5F cells with the long-chain saturated fatty acids palmitate (C16:0) and stearate (C18:0) results in significant cell death following 24 h of incubation at 500 M. In contrast, monounsaturated fatty acids of equivalent length, palmoleate (C16:1) and oleate (C18:1), are not toxic to RINm5F cells. Myristate (C14:0) is a shorter-chain saturated fatty acid that is much less toxic than longer-chain (C16 and C18) fatty acids (ϳ70% and ϳ30% viability, respectively) but more toxic than monounsaturated fatty acids. The toxic effect of palmitate and stearate (0 -1,000 M) on RINm5F cell viability is concentrationdependent, with half-maximal death at FFA concentrations of ϳ300 M (Fig. 1B) .
Inhibition of de novo ceramide synthesis does not attenuate ␤-cell death. The sphingolipid ceramide, a signaling molecule known to induce apoptosis, has been proposed as a mediator of palmitate-induced ␤-cell toxicity (61, 73) . The observation that saturated FFAs with Ͼ14 carbons induce apoptosis is consistent with this hypothesis, as the rate-limiting step in de novo ceramide synthesis is catalyzed by serine palmitoyltransferase, an enzyme with a marked substrate preference for palmitoylCoA (43) . Thus ceramide production may be expected to increase in cells exposed to excess palmitate. To examine the potential role of ceramide induction in palmitate-induced death, chemical inhibitors of de novo ceramide synthesis were employed. Pharmacological blockade of ceramide-generating enzymes with L-cycloserine, an inhibitor of serine palmitoyltransferase, or fumonisin B1, an inhibitor of ceramide synthase, does not attenuate palmitate-mediated RINm5F cell death ( Fig. 2A) . These findings are consistent with previous reports showing that inhibition of ceramide generation does not modify FFA-mediated ␤-cell death (54, 82) .
Carnitine palmitoyltransferase 1 inhibition enhances palmitate-induced ␤-cell death. Chronic hyperglycemia increases glucose metabolism through oxidative phosphorylation, resulting in mitochondrial dysfunction and production of reactive oxygen species (ROS) (11, 77) . Similarly, ␤-oxidation of FFAs may produce ROS via increased oxidative phosphorylation. Therefore, it is possible that inhibition of ROS production via inhibition of ␤-oxidation may protect ␤-cells from palmitate toxicity (69) . Carnitine palmitoyltransferase 1 (CPT1) is responsible for the transport of long-chain FFAs into the mitochondria; therefore, inhibition of CPT1 should attenuate mitochondrial oxidation of long-chain FFA substrates. Across a range of palmitate concentrations (100 -500 M), inhibition of CPT1 with etomoxir (200 M) fails to attenuate palmitatemediated ␤-cell death (Fig. 2B) . In fact, etomoxir exaggerates ␤-cell death at each concentration of palmitate examined, achieving statistical significance at Ն200 M palmitate. Similar results have been obtained using INS 832/13 cells and with additional inhibitors of CPT1 (data not shown). The enhanced toxicity of palmitate in CPT1-inhibited cells is consistent with previous studies (22, 27) and suggests that ␤-oxidation of FFAs does not contribute to palmitate toxicity but may provide protection from excess FFA (22, 27) .
2BrP attenuates palmitate-induced ␤-cell death. 2BrP, an analog of palmitate that is not metabolized, has been used as a classical inhibitor of G protein signaling because of its ability to attenuate palmitoylation of the G␣ subunit (33, 67) . Pretreatment of RINm5F cells with 100 M 2BrP more than doubles the number of viable cells after 24 h of treatment with 500 M palmitate (Fig. 3A) . 2BrP treatment also attenuates death induced by the longer saturated FFA stearate (Fig. 3A) . The beneficial actions of 2BrP are concentration-related, with 100 M 2BrP providing maximal protection (Fig. 3B) . In addition, 2BrP is effective at attenuating cell death at all toxic concentrations of palmitate employed (Fig. 3C) . These findings suggest that aberrant protein palmitoylation may contribute to FFA toxicity of ␤-cells.
2BrP does not attenuate ␤-oxidation. Since 2BrP has been described as an inhibitor of protein palmitoylation and mitochondrial ␤-oxidation, the effects of this analog on both events were evaluated. Several studies have used the brominated analog of palmitate as an inhibitor of fatty acid oxidation (14, 15) ; however, the decrease in RINm5F cell viability in the presence of palmitate and etomoxir, a known inhibitor of CPT1, suggests that 2BrP does not provide protection by blocking mitochondrial ␤-oxidation (Fig. 2B) . With use of [ (Fig. 4A) . In fact, 2BrP enhances mitochondrial ␤-oxidation by nearly twofold. These findings are consistent with previous studies (60) and suggest that palmitate-induced ␤-cell damage is not mediated by mitochondrial oxidation of long-chain fatty acids. Since 2BrP is effective at preventing cell death in response to palmitate and this occurs in the absence of an inhibition of ␤-oxidation, the effects of 2BrP on protein palmitoylation were examined. For these studies, RINm5F cells were labeled with [ 3 H]palmitate in the presence and absence of cold 2BrP, proteins were precipitated using TCA, and [ 3 H]palmitate incorporation into protein was determined by gel electrophoresis and visualized by fluorography. As shown in Fig. 4B, 2BrP attenuates [ 3 H]palmitate incorporation into RINm5F cell protein at palmitate concentrations known to induce ␤-cell death. These findings establish an association between the inhibition of palmitate-induced cell death by 2BrP and the inhibition of protein palmitoylation. This protective effect of 2BrP on cell viability suggests that enhanced or unregulated posttranslational modifications of proteins may be one mechanism by which palmitate is toxic to insulinoma cells. To further address this issue, the effects of an additional inhibitor of protein palmitoylation on palmitate-induced RINm5F cell death were examined. Cerulenin (2,3-epoxy-4-oxo-7,10-dodecadienoylamide) is a structurally independent inhibitor of protein palmitoylation (17, 34, 39) that functions much like 2BrP, as it attenuates RINm5F cell death induced by 500 M palmitate (Fig. 4C) . These findings suggest that the loss of ␤-cell viability in response to palmitate treatment may be associated with increased levels of posttranslational protein palmitoylation.
2BrP attenuates induction of palmitate-induced ER stress. Several studies have suggested that ER stress may promote apoptosis in response to elevated FFAs (18, 35, 38) . ER stress can be induced by a number of pathways, including impaired protein folding or unregulated posttranslational modifications such as palmitoylation. Since studies have identified ER stress in FFA-treated ␤-cells and inhibition of protein palmitoylation protects RINm5F cells from palmitate-induced death, the effects of 2BrP on the induction of ER stress markers in palmitate-treated RINm5F cells were examined. Consistent with previous studies, treatment of RINm5F cells with 500 M palmitate results in the accumulation of CHOP and ATF3 mRNA and the splicing of XBP1 mRNA following 6 and 12 h of incubation (Fig. 5, A-C) . Consistent with the protection from palmitate-induced toxicity, 2BrP attenuates ER stress gene mRNA accumulation and XBP1 splicing.
The induction of ER stress was also examined at the protein level. In response to palmitate, there are increased levels of CHOP accumulation and enhanced phosphorylation of eIF2␣ in RINm5F cells, and these effects are attenuated by 2BrP (Fig.  5D ). These findings confirm that ER stress is induced by palmitate and suggest that 2BrP mediated improvement in cell viability by preventing palmitate-induced ER stress.
2BrP inhibits palmitate-induced caspase-3/7 activity. A consequence of prolonged ER stress activation is the induction of apoptotic cascades, which are mediated by the activation of caspases. Caspase-3 and caspase-7 are executioner caspases responsible for the proteolytic cleavage of a broad spectrum of cellular targets, leading to apoptotic death. To determine whether the increased expression of ER stress markers is associated with the induction of apoptosis, the effects of palmitate treatment on caspase-3 and caspase-7 activity was examined. Treatment of RINm5F cells for 12 h with palmitate results in a 3.4-fold increase in caspase-3/7 activity (Fig. 6A) . The palmitoylation inhibitor 2BrP, which prevents palmitateinduced ER stress induction and RINm5F cell death, also prevents palmitate-induced caspase-3/7 activation (Fig. 6A) .
2BrP attenuates palmitate-induced suppression of insulin secretion by rat islets. Similar to the protective actions of 2BrP on the viability of insulinoma cells treated with palmitate, this inhibitor of protein palmitoylation also attenuates the inhibitory actions of palmitate on glucose-induced insulin secretion. A 48-h incubation of isolated rat islets with palmitate (500 M) does not modify basal insulin secretion (3 mM glucose) but inhibits insulin secretion in response to elevated concentration (20 mM) of glucose (Fig. 6B) . Alone, 2BrP (100 M) does not modify glucose-stimulated insulin secretion under basal or stimulatory conditions. However, 2BrP attenuates the inhibitory actions of 500 M palmitate on insulin in response to a maximal concentration of glucose (Fig. 6B) .
DISCUSSION
Elevated FFA levels are apparent in overweight and obese individuals prior to the onset of hyperglycemia, and accumulating evidence suggests that prolonged exposure to elevated lipid concentrations is detrimental to pancreatic ␤-cells. Upon entry into cells, palmitate is thioesterified to coenzyme A by fatty acyl-CoA synthase, yielding palmitoyl-CoA. This activated fatty acid is available for oxidation, triglyceride formation, ceramide conversion, and as a substrate for posttranslational modification of proteins. Storage of excess fatty acid as triglyceride has been positively and negatively correlated with fatty acid-induced death of ␤-cells (10, 12, 23, 74) . Elevated FFA may also serve as substrate driving an increase in ␤-oxidation, which may enhance ROS production, and uncoupling protein-2 expression, which leads to a deterioration in islet function and ␤-cell viability (43, 71, 81) . Other reports suggest that increased mitochondrial oxidation of fatty acids does not cause ␤-cell lipotoxicity (22, 27) . In this report, we show that etomoxirmediated inhibition of ␤-oxidation exaggerates palmitate toxicity, a finding that is consistent with a potential protective role for mitochondrial palmitoyl-CoA oxidation.
The ability of ␤-cells to oxidize fatty acyl-CoAs or incorporate them into triglycerides may protect against the toxic actions of FFAs by reducing the concentration of palmitoylCoA available for protein palmitoylation. Protein palmitoylation is the posttranslational process in which fatty acids, primarily the saturated 16-carbon palmitate, are bound to cysteine residues via a thioester linkage. Attachment of this long-chain fatty acid increases a protein's hydrophobicity, allowing for membrane association, in addition to its function as a lipid membrane anchor (25) . Palmitoylation also influences protein trafficking between cellular compartments, protein movement between membrane microdomains, protein stability, protein activity, and protein-protein interaction (26, 31, 67, 75) . Unlike other lipid protein modifications, palmitoylation is highly dynamic, and palmitoylation and depalmitoylation cycles can regulate protein function and localization (83) .
While protein palmitoylation is believed to be catalyzed by a family of palmitoyltransferases, early biochemical studies failed to isolate proteins with palmitoyltransferase activity (3, 36, 44) , and a consensus sequence for the modification site has yet to be identified (4) . Furthermore, proteins containing target cysteine residues can be autoacylated in vitro in the presence of palmitoyl-CoA (5, 21, 79) . The spontaneous nature of this modification (20) suggests that autoacylation of proteins may increase in the presence of elevated donor groups, and studies examining acylation-dependent trafficking of peripheral membrane proteins suggest that the selection of substrates by the cellular palmitoylation machinery may be indiscriminate (30, 68) . On the basis of these studies, it has been proposed that any mammalian protein that contains a surface-exposed cysteine and has transient access to a Golgi membrane may be qualified for palmitoylation (30, 68) . Since protein palmitoylation influences protein trafficking, protein stability, and protein aggregation, aberrant or uncontrolled protein palmitoylation could disrupt many of these events, including anterograde and endocytic trafficking of membrane proteins, inappropriate lateral segregation of proteins into membrane lipid microdomains, or interference with palmitate anchors in heterotrimeric G protein subunit recycling. Under conditions of uncontrolled protein palmitoylation, each one of these events could introduce ER stress in cells. Furthermore, disruptions in protein turnover can result from enhanced palmitoylation by attenuating degradation by interfering with ubiquitinylation (1). Therefore, if removal of palmitoyl groups is necessary for proteasomal degradation, the aberrant palmitoylation or mispalmitoylation could introduce ER stress via inappropriate protein turnover. Indiscriminate attachment of hydrophobic fatty acids to surface cysteine residues could also conceivably present a population of sticky molecules primed to aggregate and drive ER stress.
Because recent studies have associated ER stress with lipotoxicity and unregulated palmitoylation could be a potent activator of ER stress, the effects of inhibitors of protein palmitoylation on insulinoma cell viability were examined. The classical inhibitor of protein palmitoylation, 2BrP, significantly attenuates the toxicity of the long-chain saturated fatty acids palmitate and stearate. Importantly, stearate has been identified as an additional species involved in S-palmitoylation of proteins (42, 55) ; thus the protection from stearate toxicity afforded by 2BrP is consistent with a palmitoylation mechanism. The effects of 2BrP on palmitate-induced ER stress were also examined. Consistent with previous studies, we found that palmitate induces the accumulation of mRNA of the ER stress response genes CHOP and ATF3, phosphorylation of eIF2␣, and the increased splicing of XBP1, actions that are attenuated by treatment with 2BrP. Because prolonged ER stress can culminate in programmed cell death, we examined the effect of 2BrP on palmitate-induced caspase-3 activity. Palmitate treatment significantly enhanced caspase-3 activity in RINm5F cells following 6-and 12-h exposures. Consistent with the attenuation of ER stress, the presence of 2BrP inhibited palmitate-stimulated caspase-3 activity. Using primary rodent islets, we also show that 2BrP attenuates the inhibitory actions of palmitate on glucose-stimulated insulin secretion. 2BrP has been described as a promiscuous inhibitor (15), characterized as an inhibitor of mitochondrial ␤-oxidation (14, 48) , in addition to its inhibition of palmitoylation. To address the specificity of this inhibitor, we examined 2BrP's effect on the incorporation of activated fatty acids into cellular proteins, as well as its effects on FFA oxidation. We show that 2BrP functions as an effective inhibitor of palmitate incorporation into ␤-cell proteins. Importantly, 2BrP does not inhibit mitochondrial oxidation of palmitate; if anything, 2BrP appears to increase oxidation of palmitate, a result consistent with a palmitoyl-CoA pool further increased by preventing its consumption via acylation. These findings suggest that the protective effects of 2BrP on palmitate-induced toxicity may be mediated by moderating uncontrolled palmitoylation, a finding that is consistent with the protective effects of a second lipid-based inhibitor of protein palmitoylation, cerulenin.
We have examined a number of potential mechanisms to explain palmitate toxicity in insulinoma cells and rat islets. Consistent with many previous studies, we find that palmitate is toxic to ␤-cells and that this toxicity is associated with enhanced ER stress. Inhibition of palmitate oxidation appears to enhance cell death, while inhibition of protein palmitoylation protects against palmitate-induced toxicity. On the basis of these observations, we propose a novel mechanism to explain the toxicity of FFA. This mechanism suggests that palmitate-induced toxicity is a consequence of uncontrolled protein palmitoylation, resulting in ER stress and apoptosis.
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